The nitrifying microbial diversity and population structure of a sequencing biofilm batch reactor receiving sewage with high ammonia and salt concentrations (SBBR 1) was analyzed by the full-cycle rRNA approach. The diversity of ammonia-oxidizers in this reactor was additionally investigated using comparative sequence analysis of a gene fragment of the ammonia monooxygenase (amoA), which represents a key enzyme of all ammonia-oxidizers. Despite the "extreme" conditions in the reactor, a surprisingly high diversity of ammonia-and nitrite-oxidizers was observed to occur within the biofilm. In addition, molecular evidence for the existence of novel ammonia-oxidizers is presented. Quantification of ammonia-and nitrite-oxidizers in the biofilm by Fluorescent In situ Hybridization (FISH) and digital image analysis revealed that ammoniaoxidizers occurred in higher cell numbers and occupied a considerably larger share of the total biovolume than nitrite-oxidizing bacteria. In addition, ammonia oxidation rates per cell were calculated for different WWTPs following the quantification of ammonia-oxidizers by competitive PCR of an amoA gene fragment. The morphology of nitrite-oxidizing, unculturable Nitrospira-like bacteria was studied using FISH, confocal laser scanning microscopy (CLSM) and three-dimensional visualization. Thereby, a complex network of microchannels and cavities was detected within microcolonies of Nitrospira-like bacteria. Microautoradiography combined with FISH was applied to investigate the ability of these organisms to use CO 2 as carbon source and to take up other organic substrates under varying conditions. Implications of the obtained results for fundamental understanding of the microbial ecology of nitrifiers as well as for future improvement of nutrient removal in wastewater treatment plants (WWTPs) are discussed.
Introduction
The optimization of biological nitrogen removal from sewage water is among the most challenging tasks in modern wastewater treatment. Despite their importance, knowledge about the identity and ecology of the microorganisms catalyzing N-removal in WWTPs is still scarce. The lack of fundamental microbiological understanding, which is more or less directly reflected in the frequent failure of N-removal in plants worldwide, hampers knowledgedriven process improvements. Exploitation of new microbial pathways, growth and maintenance of stable and highly active microbial consortia as well as efficient bioaugmentation strategies are achievable goals if we shift our research focus from empirical studies to investigations tackling key fundamental issues of microbial ecology of wastewater treatment.
Here we report on the investigation of the nitrifying bacterial community present in a pilot-scale sequencing biofilm batch reactor (SBBR). Since a vast majority of the Bacteria, including important nitrifiers, can still not be isolated and grown as pure cultures, we used molecular approaches like 16S rRNA and amoA gene sequence analysis, fluorescent in situ hybridization, microautoradiography (MAR), confocal laser scanning microscopy, digital image analysis and competitive PCR to detect, identify and characterize the ammonia-and nitrite-oxidizing bacteria living in the reactor. Based upon these techniques we achieved an inventory of ammonia-and nitrite-oxidizers in the biofilm, to describe their morphologies and community structures, and to determine some of their key physiological properties like the substrate turnover rates of ammonia-oxidizers and the ability of unculturable nitriteoxidizers to fix CO 2 autotrophically and to utilize other organic carbon sources. As previous studies on the physiology of nitrifiers in WWTPs were solely based on cultivation-dependent approaches, our results provide for the first time insight into the microbiology of these bacteria in situ and without the changes and limitations introduced by classical enrichment and isolation procedures. Hence we are able to suggest strategies for an improvement of the stability of nitrifying reactors and for selective bioaugmentation with bacteria well-adapted to the respective operational conditions.
Materials and method

Reactor data
Reactor SBBR 1 ( Figure 1 ) has a total volume of 17 m 3 and contains approximately 10 m 3 of expanded clay, which is submerged in the reactor fluid after completion of the filling phase. The SBBR cycle consists of three phases: filling, mixing (with aeration for nitrification), and drawing. The reactor is back-washed every second day in order to remove excess biomass. The influent is different for the two SBBRs of the pilot WWTP: SBBR 1 receives reject water from sludge dewatering, while SBBR 2 (not covered by this study) receives municipal wastewater. Tables 1 and 2 contain additional technical data and the average composition of the reject water from sludge dewatering.
Biofilm sampling, fluorescent in situ hybridization, confocal microscopy, and cell quantification Sampling of biofilm and subsequent cell fixation were performed as described by Amann et al. (1995) . The following 16S rRNA-targeted probes were applied in this study: (i) S-*-Ntspa-0712-a-A-21, specific for most members of the phylum Nitrospira, and S-G-Ntspa-0662-a-A-18, specific for the genus Nitrospira (Daims et al., 2000) ; (ii) NEU, targeting most halophilic and halotolerant Nitrosomonas species and Nitrosococcus mobilis (Wagner et al., 1995) ; (iii) Nso1225 and Nso190, which are complementary to signature sequences of most ammonia-oxidizers in the beta subclass of the Proteobacteria (Mobarry et al., 1996) ; (iv) NmV, specific for the Nitrosococcus mobilis lineage (Pommerening-Röser et al., 1996) ; (v) NIT3, directed against all known Nitrobacter species ; (vii) EUB338, EUB338-II, and EUB338-III, which detect the majority of all known Bacteria (Amann et al., 1990; Daims et al., 1999) ; (viii) specific probes to detect different strains of N. mobilis Figure 1 SBBR reactors at the Ingolstadt pilot WWTP (discontinuously operated, different wastewater sources) (unpublished data). In situ hybridization with fluorescently labeled probes and image acquisition were performed as detailed by Juretschko et al. (1998) and Manz et al. (1992) . Bacterial populations were quantified by cell area measurement in CLSM images (Morgenroth et al., in preparation) , and quantification results were expressed as percentage share of the total bacterial cell area, which was determined after FISH with the EUB338 probe mix. Single cell numbers in the CLSM images were calculated by dividing the total cell area occupied by a specified population by the average single cell area of the respective population. The average single cell area was determined previously by manual counting of the cells in CLSM images followed by measurement of their cell area in the same images.
Three-dimensional visualization
Stacks of optical sections acquired by confocal laser scanning microscopy were converted to the IBM Open Visualization Data Explorer (International Business Machines, Inc.) "general array importer" format using a conversion program which was developed in the course of this study at the Department of Microbiology, Technical University Munich. Thereupon, the three-dimensional data were imported and displayed by the Open Visualization Data Explorer software package, version 4.0.4.
Determination of 16S rRNA and amoA sequences and phylogenetic analysis
Cloning, sequencing, and phylogenetic analysis of 16S rRNA and amoA sequences were performed as specified by Juretschko et al. (1998) and Purkhold et al. (in preparation) . Two different primer pairs were employed for 16S rRNA gene amplification: (i) primers 616F (5'-AGRGTTYGATYMTGGCTCAG-3') and 630R (5'-CAKAAAGGAGGTGATCC-3'), and (ii) primers 27F (5'-AGAGTTTGATCCTGGCTCAG-3'; (Lane, 1991) ) and 1492R (5'-GGTTACCTTGTTACGACTT-3').
Determination of ammonia turnover rates
As an alternative to the cell number determination based on FISH and image analysis, the volumetric cell titers (cells per ml sample or cells per m 3 reactor volume, respectively) of ammonia-oxidizing bacteria were also measured by competitive PCR of an amoA sequence fragment (unpublished data). Based on these results, the ammonia turnover rates in the WWTPs were calculated assuming that 80% of the ammonia in the inlet were oxidized to nitrite and 20% were assimilated by the ammonia-oxidizers and other bacteria. The ammonia turnover rates were expressed as pmol of oxidized NH 4 + per hour and cell.
Combination of FISH and MAR
FISH and MAR were performed in combination as described by Lee et al. (1999) . Radiolabeled substrates used were 14 C-bicarbonate, 14 C-propionate, 14 C-pyruvate, 14 Cbutyrate and 3 H-acetate. Biofilm samples were incubated with these substrates under aerobic, anaerobic (fermentative) and anoxic (with nitrate as inorganic electron acceptor) conditions.
Results
Analysis of nitrifying bacterial populations in reactor SBBR 1 based on 16S rRNA sequencing and FISH Among more than 100 full 16S rRNA sequences retrieved from reactor SBBR1, 33 belonged to ammonia-oxidizers within the beta subgroup of the Proteobacteria, and five belonged to nitrite-oxidizing Nitrospira-like bacteria ( Figure 2 ). All 16S rRNA sequences of ammoniaoxidizing bacteria were closely related to each other and to the species Nitrosomonas europaea and N. eutropha (Figure 2 ). The identified Nitrospira-like bacteria were related to Nitrospira moscoviensis and grouped together with 16S rRNA sequences of Nitrospira-like bacteria retrieved from other WWTPs (Burrell et al., 1998; Juretschko et al., 1998; Schramm et al., 1998) . The abundance of these organisms in the SBBR 1 biofilm could be confirmed unequivocally by FISH with the two Nitrospira-specific oligonucleotide probes. Interestingly, in addition to Nitrospira-like bacteria we detected smaller numbers of Nitrobacter cells by FISH with the Nitrobacter-specific probe NIT3, but despite the relatively large number of analyzed 16S rRNA sequences, no sequence was related to Nitrobacter.
Compared to the nitrite-oxidizers, the binding patterns of the probes specific for ammoniaoxidizers were more complex and pointed to the existence of at least five different ammoniaoxidizing populations in the SBBR 1 biofilm: we observed (i) cells stained by probes NEU and Nso1225; (ii) cells stained by probe Nso1225 only; (iii) cells stained by probe NEU only, (iv) cells stained by probes NEU and NmV; and (v) cells stained by all three probes NEU, NmV, and Nso1225. These results indicate that reactor SBBR 1 harbors at least two new, yet undiscovered ammonia-oxidizers, because probe Nso1225 detects all known ammonia-oxidizing beta-Proteobacteria including the known target organisms of NEU (halotolerant ammoniaoxidizers) and NmV (Nitrosococcus mobilis). Hence, the cells which were hit by probes NEU and/or NmV and not by probe Nso1225 must belong to new Nitrosomonas or Nitrosococcus strains or species, respectively. Although FISH demonstrated that a high diversity of ammonia-oxidizers exists in reactor SBBR 1, the 33 analyzed 16S rRNA sequences of ammoniaoxidizing bacteria covered only one sequence type with complete sequence analogy to probes NEU and Nso1225 and two mismatches to probe NmV at the respective probe binding sites. In contrast to the FISH results, which indicated that Nitrosococcus spp. occur frequently in the reactor (cells hit by both probes NmV and NEU, and partly by Nso1225), no 16S rRNA sequence affiliated to N. mobilis was found in the gene bank.
Diversity of ammonia-oxidizing bacteria in SBBR 1 detected by amoA sequence evaluation
Consistent with the 16S rRNA sequence analysis, ammonia-oxidizers closely related to Nitrosomonas europaea and N. eutropha were detected in SBBR 1 based on their amoA gene sequences. Furthermore, amoA analysis confirmed that bacteria related to Nitrosococcus mobilis, which were also detected by FISH with probe NmV (see above), occur in the SBBR 1 biofilm. Interestingly, we identified two different sequence groups which belong clearly to the N. mobilis lineage but show different degrees of relationship to the species N. mobilis, indicating the possible existence of other, yet unknown Nitrosococcus species. The coexistence of two different N. mobilis lineages in the SBBR 1 biofilm could also be confirmed by FISH based on different probe binding patterns (see above). Other ammonia-oxidizing bacteria, e.g. relatives of Nitrosospira / Nitrosovibrio, were not detected in SBBR 1 by amoA analysis.
Morphology and localization of nitrifying bacteria
In the biofilm from reactor SBBR 1, as well as in all other nitrifying biofilms and activated sludges we examined, ammonia-and nitrite-oxidizing bacteria grew as spherical microcolonies of varying size. Single cells or small aggregates of less than ten cells occurred only occasionally. Within the colonies of ammonia-oxidizing bacteria, the cells were tightly packed and little or no spacing between them was observed. In contrast, Nitrospira-like bacteria formed mostly large aggregates interlaced by narrow microchannels and larger, cell-free cavities (Figure 3 ). Three-dimensional visualization of these colonies demonstrated that the channel-like structures formed indeed a three-dimensional network, which met the surrounding medium at the colony surface. The accessibility of this network for water and water-soluble substances could be demonstrated by negative fluorescein staining combined with Nitrospira-specific FISH (not shown). Simultaneous FISH with probes specific for ammonia-and nitrite-oxidizing bacteria showed that these organisms were frequently located in close vicinity to each other, reflecting their mutualistic relationship (not shown).
Quantification of nitrifying bacteria in reactor SBBR 1
Ammonia-and nitrite-oxidizing bacteria were quantified by digital image analysis as indicated in the Materials and Methods section. As shown in Figure 4 , ammonia-oxidizers occupied a particularly high percentage of the total bacterial cell area in the CLSM images processed (slightly more than 55%), while the combined cell area of all nitrite-oxidizers (Nitrospira and Nitrobacter) was much smaller (about 8%). Among the nitrite-oxidizers, Nitrospira-like bacteria were clearly the dominant population. The quantitative difference between ammonia-and nitrite-oxidizers was less drastic in terms of absolute cell numbers:
in the 25 analyzed CLSM images we counted about 37,000 cells of ammonia-oxidizers and in total 28,000 cells of nitrite-oxidizers (Nitrospira and Nitrobacter). Compared with their little share of the total bacterial cell area, the cell numbers of the nitrite-oxidizers were relatively high because of their small cell sizes and the high cell densities in their microcolonies. Determination of ammonia turnover rates
The volumetric titers and ammonia turnover rates of ammonia-oxidizing bacteria in different biofilms and activated sludges, among them the biofilm from reactor SBBR 1, were determined as described in the Materials and Methods section. The results are shown in Table 3 . The samples were taken from the Ingolstadt pilot plant (SBBR 1 and SBBR 2) and two large municipal WWTPs ("Großlappen" and "Dietersheim").
Substrate uptake by Nitrospira-like bacteria
The incubation of biofilm samples with different radiolabeled substrates (for details, refer to the Materials and Methods section) followed by microautoradiography and FISH showed that, in the presence of oxygen, Nitrospira-like bacteria were able to fix CO 2 and to take up small amounts of pyruvate (data not shown). No uptake of CO 2 or pyruvate was observed under anoxic or anaerobic conditions. Furthermore, the additional substrates tested (acetate, propionate and butyrate) were not taken up by Nitrospira-like bacteria under any of the conditions applied.
Discussion
Diversity and quantification of nitrifying bacteria
The FISH analysis of nitrifying bacteria in reactor SBBR 1 revealed a notably high diversity of ammonia-oxidizers despite the "extreme" growth conditions generated by the high ammonia and salt concentrations in the received reject water from sludge dewatering ( Table 2) . In contrast to these results, we found the ammonia-oxidizing community in an activated sludge exposed to comparably selective conditions to be almost a monoculture of the marine, halophilic species Nitrosococcus mobilis (Juretschko et al., 1998) . This discrepancy could be explained on the basis of the presumably numerous nutrient gradients in the biofilm and its more complex spatial organization, which form a higher variety of ecological niches available for bacteria with different growth requirements. The results of the FISH analysis were confirmed by amoA sequence evaluation, which pointed as well at the co-existence of several different organisms affiliated to N. europaea, N. eutropha and N. mobilis in SBBR 1. Interestingly, both approaches indicated independently that novel ammonia-oxidizers related to N. mobilis live in the reactor and, moreover, FISH demonstrated the occurrence of additional, presumably unknown ammonia-oxidizers displaying unusual probe binding patterns. The lack of diversity among the analyzed 16S rRNA sequences seems to contradict the results of FISH and amoA sequencing, but previous attempts to amplificate Nitrosomonas and Nitrosococcus 16S rRNA from environmental samples by PCR were also hampered, probably by incomplete cell lysis during DNA extraction or by PCR biases (Juretschko et al., 1998) . Similar effects might have caused the differences between 16S rRNA and FISH analyses of nitrite-oxidizing bacteria, as we retrieved only 16S rRNA sequences affiliated to Nitrospira-like bacteria although FISH revealed that these organisms co-exist with Nitrobacter in SBBR 1. The occurrence of both nitrite-oxidizers above the detection limit of FISH (approximately 10 3 cells per ml sample) in the same biofilm was a surprising observation, because in most reactors examined, only Nitrospira-like bacteria were detectable by FISH. Nitrobacter, on the other hand, could be isolated from WWTP samples, but was less abundant than Nitrospira and could hence not be detected in situ . Although both Nitrobacter and Nitrospira-like bacteria were detected in SBBR 1, the quantification of their populations yielded much higher cell numbers for Nitrospira than for Nitrobacter (Figure 4) . This difference was even more pronounced for the total cell areas, which are an approximation of the biovolume and hence of the biochemical reaction space occupied by each population. The quantitative dominance of Nitrospira-like bacteria over Nitrobacter, which corresponds to the results of other studies (Burrell et al., 1998; Juretschko et al., 1998; Schramm et al., 1998; Schramm et al., 1999) , indicates that the former are more successful under the growth conditions in most WWTPs and should hence be regarded as the actual key organisms of nitrite oxidation in wastewater treatment. The factors, however, which select for Nitrospira or Nitrobacter are still unknown and deserve further investigation since detailed knowledge about this topic would help to improve the growth conditions for the most efficient nitrite-oxidizers and hence to increase both stability and performance of nitrifying bioreactors.
Although pure culture studies with Nitrosomonas and Nitrobacter demonstrated that Nitrosomonas strains grow slower than Nitrobacter below a temperature of 30ºC (Novak and Svardal, 1989) , we surprisingly found higher cell numbers of ammonia-oxidizers than of nitrite-oxidizers in SBBR 1, and the ammonia-oxidizers occupied a larger share of the total biovolume (as approximated by the cell areas, Figure 4) . Even though the conditions in SBBR 1 might support higher growth rates of ammonia-oxidizers than those measured in the above-mentioned studies, it should be considered that metabolically inactive cells are not washed as rapidly out of biofilm systems as out of activated sludge, but can still be stained by FISH due to their persistently high ribosome content. Since we were able to demonstrate that the decay rates of ammonia-oxidizers are lower than those of Nitrospira-like bacteria (Morgenroth et al., in preparation) , it remains possible that the surplus ammonia-oxidizers in SBBR 1 were partly inactive and did not contribute to the nitrification process anymore. However, further examination and comparison with other systems is required as the growth rates of nitrifying bacteria under realistic conditions, i.e. the conditions present in the reactors, are fundamental parameters for the operation of nitrifying WWTPs.
Determination of volumetric cell titers and average activities of ammonia-oxidizing bacteria
The application of competitive PCR to measure the volumetric cell titers of ammonia-oxidizers in activated sludges and biofilms enabled us to determine and compare the average ammonia turnover rates per cell in different reactors. Interestingly, the results (Table 3) were of a similar magnitude as ammonia turnover rates measured with pure cultures (0.0018-0.023 pmol NH 4 + per hour and cell (Belser, 1979) ). The applicability of our approach is further supported by the very low turnover rate of 0.003 pmol NH 4 + per hour and cell measured for the denitrifying reactor SBBR 2, which was used as negative control. These results demonstrate that the competitive PCR constitutes a reproducible and straightforward technique, which complements FISH as a suitable method for the reliable and rapid quantification of ammoniaoxidizing bacteria. Once established, it can be used to monitor the population sizes of ammonia-oxidizers even within the frequently observed, short-termed changes of environmental conditions in bioreactors and to deduce basic microbiological characteristics like substrate turnover rates, which are also of substantial technical importance.
Morphology and physiological traits of Nitrospira-like bacteria
Nitrospira-like bacteria in the SBBR 1 biofilm formed large and morphologically conspicuous aggregates interlaced by a network of microchannels and cavities, which met the surrounding medium at the surface of the colonies. Our experiments with fluorescein solutions showed that this network, which might contain extracellular polymeric substances or be really "empty", is accessible for water and water-soluble substances. Therefore it might facilitate the diffusion of nutrients and oxygen towards the cells located in the inner parts of the microcolonies, whereby the metabolic activity and nitrite-oxidizing performance of these cells would be increased.
The microautoradiographic experiments provided first insights into the physiology of the unculturable Nitrospira-like bacteria living in WWTPs. Their proposed ability to use CO 2 as carbon source could be confirmed, but the availability of oxygen as terminal electron acceptor was obligatory for autotrophy. Among the other substrates tested, only pyruvate was taken up, and likewise under aerobic conditions only. It is, however, possible that the uptake of the other organic substrates was inhibited by the concurrent availability of nitrite as a source of energy. Although no nitrite was added to the incubation medium, the ammonia-oxidizers present in the biofilm sample could have produced nitrite in sufficient amounts to prevent heterotrophic metabolism of the Nitrospira-like bacteria. Therefore, our results reflect the substrate uptake of Nitrospira-like bacteria in SBBR 1, because the incubation conditions resembled those in the bioreactor, while further FISH/MARexperiments will be required for a comprehensive physiological characterization of Nitrospira-like bacteria.
Conclusions
The powerful new technical approaches in molecular microbial ecology permit a new level of insight into the population structure and function of complex microbial communities which are present and active in WWTPs (e.g. Wagner et al., 1993; Wagner et al., 1994a; Wagner et al., 1994b; Wagner et al., 1995; Lee et al., 1999) . Here we used these techniques to investigate the diversity, population structure and physiology of nitrifying bacteria in a sequencing biofilm batch reactor. We believe that the importance of the diversity within certain bacterial groups catalyzing critical steps in nutrient removal for process stability has been previously not adequately addressed by microbiologists and engineers. For illustration, please imagine two reactors with equal numbers of active ammonia-oxidizing bacteria but significant differences in the diversity within this bacterial group. Both reactors will most likely behave very similar under optimal conditions, thus no differences in sum parameter measurements (e.g. oxygen uptake rate) will be observable. However, if the microbial communities are confronted by unfavorable conditions (e.g. toxic sewage compounds, pH and temperature swings, grazing, phage attack, etc.) , the stability of the ammonia-oxidation process should, at least if the rules of macroecology apply, be higher in the reactor harboring the more diverse ammonia-oxidizing community. If this holds true in future experimental investigations and if we learn how to increase the diversity of such bacterial groups by changes in the process regime, the design of more robust and reliable nutrient removal plants might become possible. Understanding the diversity of key WWTP microbes should also lead to more efficient bioaugmentation strategies. Bioaugmentation as performed today does in most cases totally ignore the microbial community structure of the respective WWTP. Consequently, microorganisms are added which will not find an adequate niche in the system and thus rapidly disappear either by wash-out or by grazing. Addition of the "right" microbes (those microbes which do occur in the plant with optimal performance) in a grazing-protected format should greatly enhance the success of future bioaugmentation attempts. As detailed microbiological knowledge is required to select suitable bacteria for bioaugmentation and to enhance the microbial diversity in treatment plants, the tools offered by molecular biology are indispensable. They enable us to understand the biology of important bacterial "major players" and to define the range of environmental conditions that allow certain species or communities to grow and perform substrate conversions at optimal rates.
